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ABSTRACT

For assessing different routing protocols for MANETS,
it is important to have some index or quantitative measure
of mobility that is relevant to the performance of the net-
work. In this paper, we proposed a mobility measure that is
““canonical’ in that it is flexible and consistent. It is flexible
because one can customize the definition for relevant mobil-
ity using a remoteness function. It is consistent because the
mobility measure has the same linear relationship to the link
change rate for a wide range of mobility scenarios.

I. INTRODUCTION

The performance of a mobile ad hoc network (MANET)
in terms of throughput, latency, and scalability is related to
the efficiency of the routing protocol in adapting to changes
in the network topology due to mobility of the nodes [1],
[2]. The movement of a node out of, or into, the communi-
cation range of other nodes changes not only its neighbor re-
lationships with those other nodes, but also all routes based
on the relationships. Signaling overhead traffic for mainte-
nance of routes for a MANET is proportional to the rate of
such changes, which in turn is a function of the mobility of
the nodes. Therefore, for assessing different routing proto-
cols for MANETS, it is important to use models for mobility
and to have some index or quantitative measure of mobility
[3] that is relevant to the performance of the network. In
this paper, we introduce a measure for mobility that focuses
on the effect of mobility on link changes and thereby is use-
ful for comparative studies of MANET routing protocols in
various scenarios.

Several mobility models have been proposed for simula-
tion of the movement of nodes in a MANET [4], [5], [6],
[7], [8]. However, the use of many different mobility mod-
els without a unified quantitative “measure” of the mobility
has made it very difficult to compare the results of indepen-
dent performance studies of routing protocols. Being able to
measure the amount of relevant mobility is as important as
the realism of the mobility model itself. However, there is
no unified approach for quantifying the degree of mobility
or its effect on routing traffic. In [4], [5] the average speed
of the nodes is used to represent their mobility, while the

maximum speed is used in [3]. The problem with using av-
erage or maximum speed as a measure of mobility is that the
relative motion between the nodes is not reflected in such a
measure; also, using the same average or maximum speed
in different mobility models or in networks with different
physical dimensions often leads to different rates of route
changes. In [1] and [2], the performance of different routing
protocols are compared using simulation with the random
waypoint model, where the “pause time” is used to repre-
sent the degree of node mobility. However, the pause time is
a parameter unique to the random waypoint model, and it is
not the only parameter that affects the mobility in this model.
In [7], the link change rate itself is used as a measure of mo-
bility; in our view, this approach is not satisfactory because
the measure does not represent mobility in physical terms—
what is needed is a measure of mobility that can accurately
predict the rate of link changes. Furthermore, it is tricky to
calculate an accurate link change rate when the network is
not in steady state since we only observe discrete events of
link changes from which the link change rate can be calcu-
lated. By time averaging link changes over a certain period
of time, we obtain the link change rate. However, the time
interval must be chosen depending on how dynamically the
link change rate varies in time as well as the link change rate
itself if the network is not in steady state or time varying.

The authors of [9] make a significant improvement to this
situation by recognizing that not all node movement is rele-
vant to MANET routing protocol assessment—for example,
if all the nodes are moving at the same speed and in the
same direction, the motion does not affect network topol-
ogy. However, we have found that the relationship of their
mobility factor to the number of link changes is not the same
for different mobility models. In [10], the influence of the
patterns of node mobility to the routing protocol is also rec-
ognized and several protocol independent metrics are pro-
posed to differentiate between different mobility patterns.
However, the maximum speed of nodes is used as a measure
of mobility in [10].

In this paper, we propose a mobility measure that is
“canonical” in that it is flexible and consistent. It is flexible
because one can customize the definition for relevant mobil-
ity using a remoteness function for a given application. It is
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consistent because the mobility measure has the same linear
relationship to the link change rate for a wide range of mo-
bility scenarios, where a scenario consists of the choice of
mobility model, the physical dimensions of the network, the
number of nodes, etc. This consistency is the strength of the
proposed mobility measure because the link change rate can
be reliably represented by the mobility measure regardless
of the mobility scenario of the network.

This paper is organized as follows. In Section I, we intro-
duce the concept of the remoteness of nodes, then the pro-
posed mobility measure using the concept of remoteness. In
Section 11, simulation results for various wireless network
scenarios are shown and the proposed mobility measure is
evaluated. Section IV is the conclusion of this paper.

Il. MOBILITY MEASURE
A. The concept of remoteness

Let n;(¢), ¢« = 0,1,--- ,N — 1, represent the location
vector of node 7 at time ¢. Define d;;(t) =| n;(t) — n;(¢) |
as the distance from node i to node j at time ¢. Then, the
remoteness of node ¢ from node 5 at time ¢ is defined as

Rij(t) = F(di;(1)), 1)

where F'(-) is a function of the distance. The simplest choice
for F'(-) is the identity function, that is, the remoteness is
just the distance between the nodes. However, in applica-
tions such as MANET, a more sophisticated definition of re-
moteness is more useful. For example, with a wireless node
with communication range R, a node located at a distance
of three times R can be considered as remote as a node lo-
cated at a distance of ten times R. Similarly, if a node is
well within the communication range R, the node would not
seem very remote even if the distance were doubled. On the
other hand, if a node is in the vicinity of the communication
range R, the subjective remoteness of the node will dramat-
ically vary as the node moves in or moves away. In the light
of these observations, we require that F'(-) satisfy:

a) F(0) =0, limy_,0 F(z) = 1;

b) @ >0 forallz > 0;

¢) 2 |omp=0;
e) L@ _p> L@ forallg >0,

Requirement (a) normalizes F'(-) to have unity maximum
value. Requirement (b) guarantees that the remoteness is
a monotonically increasing function of distance, and as a
result 0 < F(-) <1 from (a). Requirements (c) and (d) give
the boundary condition of F(-), which guarantee that the
remoteness of a node at extreme locations does not change
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Fig. 1. Plots of Gamma cdf and pdf functions for r = 2, 3, 4, 5, where
A=(r—1)/Rand R =1. (F(z)and f(z) in (2) and (3).)

with the movement of the node. Finally, requirement (e)
makes the remoteness most sensitive to the movement of a
node at communication range.

One of the functions that satisfy all of the requirements is

1
L(r)

with A = (r — 1)/R. Note that the derivative of F(z) is
the probability density function of a gamma random variable
with parameter r:

F(x) = / ()\T)T_lAe_)‘TdT, z>0,7>2, (2
0

() = F'(z) = %(z\w)’"_l)\e_)‘x. 3)
Fig. 1 shows plots of F'(x) and its derivative f(z) for various
values of r, where the communication range R is normal-
ized to unity. As shown in the figure, larger » means more
dramatic change of remoteness at the communication range.
As a result, we can give more emphasis on the movement of
the nodes at and near the communication range by choosing
larger r.

Note that (2) is only one of many possible choices of
F(z). Any function that satisfies the above requirements
can be used to define the remoteness, which constitutes the
flexibility of the proposed mobility measure.

B. The proposed mobility measure

As the nodes move, the remoteness changes in time. Thus,
we define the mobility measure or simply mobility of a wire-
less network in terms of the time derivatives of the remote-
ness as follows:

Grasol. o
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M;(t) is a measure of the relative movement of other nodes
as seen by node i. Thus, the mobility M (¢) represents the
average amount of the movement of the nodes in the net-
work at time ¢. For a network in steady state, we can use the
time average of the mobility defined as follows:

1 T
M= /0 MH)dt.

If we choose F'(-) defined in (2), then

MO = 5 > ME), (6)

where the superscript “G” means “gamma”, and

ME(t) = #NZ | (7)
¢ N -1 pard i () - f(dij (1)) | -

On the other hand, if we choose the identity function for
F(-), the mobility can be written as

I 1= I
M (t) = N E M; (t), (8)
i=0

where the superscript “I” means “identity”, and

I 1 =
Mi() = N -1 Z | dij(t) B ©)
i=0

d;j (t) = the time derivative of d;;(t).

Note that (7) is a function of the time derivative of the dis-
tance weighted by a function of the distance. As shown in
Fig. 1, since f(z) has small values for z < R or z > R,
and has its maximum at z = R, the movements of the nodes
around the vicinity of the communication range R is em-
phasized. Thus, M (t) is suitable for applications such as
MANET, where the communication range is an important
factor of the network. On the other hand, the identity func-
tion dose not satisfy the requirements given in Section Il-
A and (9) is a function of the time derivative of the dis-
tance between nodes. Thus, M7 (t) simply represents the
relative movement of the nodes in the entire network and is
inappropriate for multi-hop wireless applications including
MANETS.

I1l. SIMULATIONS
A. Mobility Models

We use a variety of network scenarios based on widely
used mobility models to evaluate the proposed mobility

measure. The mobility models used are the random way-
point (RWP) mobility model, the random Gauss-Markov
(RGM) model [4], [5], and the reference point group mo-
bility (RPGM) model [8].

In the RWP model, a node selects a random destination
uniformly distributed over a predefined region and moves
to the destination at a random speed uniformly distributed
between the minimum and maximum speed. Reaching the
destination, after pausing for a certain period of time, the
node selects a new random destination and speed.

In the RGM model, each node is assigned a speed v and
direction 4, and v and 6 are updated every At as follows:

v(t + At) = min[max(v(t) + Av, Vinin), Vinax),
0(t + At) = 6(t) + A9,

where Viin and Vinax are the minimum and maximum speed
of the node, and Av and A#@ are random variables with uni-
form distribution over the intervals [— Avmax, AVmax] and
[— ABmax, AOmax], respectively. When a node reaches a
boundary, the node reflects off the boundary by choosing
a new random direction. However, the updates of the v and
@ can be implemented in various ways. For another example
of the implementation of the RGM model, see [5].

In the RPGM model, each group of nodes has a logical
center, which defines the group’s motion behavior such as
location, speed, direction, etc. Thus, the trajectory of a
group is determined by the trajectory of its logical center,
which is given by a sequence of check points. As time goes
by, the logical center of a group keeps moving from one
check point to the next. In addition to the logical center, the
RPGM model defines a reference point and a random mo-
tion vector for each node. A reference point is a point about
which a node moves in random fashion, and is pre-defined
for each node with respect to the logical center. The random
motion of a node is determined by a random motion vector,
which represents the random deviation of a node from the
reference point. The random motion vector is updated peri-
odically and is given by the length and the direction which
have uniform distributions over the intervals [0, RM ] and
[0,27), respectively. Let n(¢y) be the location vector of a
node of the RPGM model at ¢ = ¢,; then

n(ty) = c(to)+ RP + RM (to), (10)

where ¢(tp) is the location vector of the logical center of the
_)
group at t = to, RP is a vector from the logical center to the

_)
reference point, and RM (ty) is the random motion vector at
t = ty. Let 7 be the update interval of the random motion
vector; thenatt =ty + 7,

— —
n(to+7) =c(to+7)+RP+RM (tp + 7).  (11)
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Fig. 2. Typical traveling patterns of a mobile node(s) moving in (a) RWP

model, (b) RGM model, and (c) RPGM model. (d) Description of RPGM
model.

For ty <t <to+ 7, n(t) is given by

(to+7—1) n(to) +(t —to) n(to +7)

n(t) = (12)
Fig. 2(c) depicts the movement of the RPGM model for a
group with three nodes.

Fig. 2(a), (b), and (c) illustrate the typical traveling pat-
terns of a mobile node(s) in the RWP, RGM, and RPGM
models, respectively. The larger spacing between the dots
means higher speed of the node. The RWP model has a
higher spatial node distribution at the center of the network
than near the boundaries [11], while the RGM model has a
relatively uniform spatial node distribution over the entire
network. Fig. 2(c) illustrates a group of three nodes in the
RPGM model with the logical center moving according to
the RWP model. Also shown in the trajectory of the logical
center of the group.

B. Network Scenarios

In this paper, three different types of network scenarios
are used to evaluate the proposed mobility measure. In all
simulations, a normalized communication range R = 1 is
used. For both RWP and RGM models, the minimum speed
Vmin = 0.1 and the maximum speed Vinax = 1 are used.
For the RGM model, the speed v and the direction @ are

Random Waypoint Random Gauss-Markov
network pause network

dimension N  time dimension N
Sl 6x6 30 0| S8 6 x6 30
S2 6x6 40 0| S9 6x6 40
S3 6x6 50 0| S10 6x6 50
A 5x5 40 0| S11 5x5 40
S5 4x4 40 0| S12 4x4 40
S6 6x6 40 20
S7 6x6 40 4.0

Fig. 3. Type 1: a group of randomly moving nodes in a square region.

updated every At = 0.2 seconds, where Avpy,x = 0.1 and
AbOmax = 0.17.

The first type of network scenario involves a group of
nodes randomly moving in a square region. By various com-
binations of the mobility model, dimension of the region,
number of nodes IV, pause time (in the case of the RWP
model), a variety of network scenarios is generated as shown
in Fig. 3. For example, scenario S6 has 40 nodes moving in
the RWP model with pause time 2.0 seconds in 6 x 6 square
region.

The second type of network scenario involves two inde-
pendently moving groups of nodes as shown in Fig. 4(a).
We assumed that each group has 20 randomly moving
nodes. The link characteristic between two nodes in dif-
ferent groups depends on the degree of the overlap of the
two groups as well as the movement of the nodes. Three
different cases of overlap are considered:

1) The two groups occupy two different areas that do not

overlap.

2) The two groups partially overlap.

3) The area one group occupies completely covers the

smaller area that the other group occupies.
The coordinates of the lower left corner (lic) and the upper
right corner (urc) of the area each group occupies are as fol-
lows.

group 1 group 2

llc urc llc urc
casel) || (0,0) [ (6,6) | (88) [ (14,14)
case?) (| (0,0) | (6,6) (3,3) (9,9)
cae3) || (0,0) | (10,10) | (2.5,2.5) | (7.5,7.5)

The combination of these three cases with the two mobility
models gives 6 different scenarios shown in Fig. 4(b). For
example, scenario S17 has two groups of nodes moving in
partially overlapping areas in the RGM model. When the
RWP model is used, a pause time of zero is used for all sce-
narios with two groups.

The third type of network scenario uses the RPGM model
moving in 6 x 6 square region. For the trajectory of the
logical center of each group, the RWP model is used with
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mobility

overlap model

/ \\.\ SI3 | casel)  RWP
S14 | case?) RWP

S15 | case3) RWP

// / S16 | casel) RGM

S17 | case?2) RGM

S18 | case 3) RGM

(a) Two groups of nodes. (b) Network scenarios.

Fig. 4. Type 2: two independently moving groups of nodes.

Description
Gl|5 groups 7 nod&/group, RM pax = 0.25, RP 0,n =0,
|RP|— 0.25, LRP n-60°n=1,- 6

G2 | 7 groups, 5 nodes/group, RM 5, = 0.5, RP: 0V nodes.
G3 | 3 groupsfrom G1 and 4 groupsfrom G2

G4 | 3 groupsfrom G1 and 20 RWP nodes

G5 | 3 groupsfrom G1 and 20 RGM nodes

Fig. 5. Type 3: group mobility models.

Vmin = 0.1, Vimax = 1, and pause time of uniform distri-
bution U[0,5]. The update interval 7 = 1 is used for the
random motion vector. Fig. 5 summarizes the type 3 net-
work scenarios. In scenario G1, there are 5 groups each
consisting of 7 nodes (total of 35 nodes). One of the ref-
erence points of the nodes is located at the logical center of
each group, and the other 6 reference points are located at
the corners of a regular hexagon centered at the logical cen-
ter with the length of its side 0.25. The length of the random
motion vector has a uniform distribution U0, 0.25], that is
RMmax = 0.25. Scenario G2 has 7 groups each consist-
ing of 5 nodes (total of 35 nodes). All reference points of
the 5 nodes are located at the logical center of each group.
Scenario G2 allows more intra-group motion compared to
scenario G1 by having RMpax = 0.5. Scenario G3 consists
of 3 groups from scenario G1 and 4 groups from G2. Sce-
narios G4 and G5 are composed of 3 RPGM model groups
from scenario G1 put together with 20 individual nodes of
RWP and RGM models, respectively. Scenarios G3, G4, and
G5 all have total of 41 nodes.

C. Simulation results

For each network scenario, the average number of link
changes per second is compared with the mobility measures.
100 seconds of simulation were run for each scenario in type
1 and type 2, and 500 seconds of simulation time was used
for each group mobility scenario in type 3. The mobility
measures M (t) and M (t) were taken every 0.01 seconds,
and averaged in time to obtain M’ and M€. Fig. 6(a), (b),

and (c) illustrate the results for M ¢ with parameter r = 3,
ME with parameter » = 5, and M7, respectively. Note
that M1 and M© are mobility measures normalized by the
number of nodes N. Thus, the mobility measure multiplied
by N(N — 1)/2 reflects the actual link change rate, where
N (N —1)/2 is the total number of node pairs in the network.

Fig. 6(a) shows the simulation results for the mobility
measure M with parameter » = 3. For RWP scenarios,
MY . N(N — 1)/2 and the link change rate show a good
linear relationship for the changes in the number of nodes
N (51-S2-S3), the physical dimension of the network (S2—
S4-S5), and the pause time (S2-S6-S7). A good linear re-
lationship is also observed when nodes are moving accord-
ing to the RGM maodel for the changes in N (S8-S9-S10)
and the physical dimension of the network (S9-S11-S12).
When there are two independently moving groups of nodes
(scenarios of type 2), the link change rate is small when the
degree of overlap is small. For the scenarios with two in-
dependently moving groups of nodes, M ¢ successfully pre-
dicts the link change rate regardless of the mobility model
of the network, producing higher values for higher degree of
overlap. Note that when the RWP model is used, the sce-
nario with completely overlapping groups of nodes (S15)
has more link changes than the scenario with partially over-
lapping groups of nodes (S14). However, when the RGM
model is used, the scenario with partially overlapping groups
of nodes (S17) has a slightly higher link change rate than the
scenario with completely overlapping groups (S18). This is
due to the difference of the spatial distribution of the nodes
between RWP and RGM models. For network scenarios
with RPGM models, M“ - N (N —1)/2 also exhibits a good
linear relationship with the link change rate. As shown in
the figure, the link change rate and M - N(N — 1)/2 are
linearly related for a wide range of scenarios.

As discussed in Section 11, by using larger r, we can give
more weight to the movements of the nodes near the commu-
nication range R. Fig. 6(b) shows the simulation results for
the mobility measure M & with parameter » = 5. As shown
in the figure, the relationship between the link change rate
and MY . N(N —1)/2 is even more linear than it is observed
in Fig. 6(a). While this is a desirable property, one possible
drawback of using larger r is that the mobility measure loses
its sensitivity to the movements of nodes in distance.

Unlike the mobility measure M €, a linear relationship be-
tween MT . N(N — 1)/2 and the link change rate is exhib-
ited only for RWP and RGM scenarios with the change of
the number of nodes N (S1-S2-S3, S8-S9-S10). However,
the value of M’ - N(V — 1) /2 shows no significant changes
for different physical dimensions of the network (S2-S4-S5,
S9-S11-S12), failing to predict the changes of link change
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Fig. 6. Link change rate vs. mobility measure.

rate. Furthermore, M’ has almost the same values for dif-
ferent degrees of overlap between the two groups of nodes.
This is because M does not take advantage of the distance
information between the nodes. As in the case of network
scenarios of type 1 and 2, M does not exhibit a consistent
relationship with the link change rate for network scenarios
with group mobility. In summary, M- N(N — 1)/2 does
not have a consistent linear relationship with the link change
rate.

IV. CONCLUSION

In this paper, we proposed a canonical mobility measure
for mobile ad hoc networks which is flexible and consistent
for a wide range of scenarios. The consistency of the mo-
bility measure was demonstrated by the simulation results,
which showed the ability of the mobility measure to reliably
represent the link change rate for various simulation sce-
narios. The proposed mobility measure provides a unified
means of measuring the degree of mobility in MANETS, of-
fering a reference with the help of which independent studies
of network performance can be compared.
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